The human gastrointestinal tract is a complex ecosystem in which epithelial cells and microorganisms of the intestinal microbiota live in symbiosis. Certain members of the microbiota, in particular Escherichia coli strains of the B2 phylotype, carry the polyketide synthase-island encoding the genotoxin colibactin. Colibactin is a nonribosomal peptide or polyketide-nonribosomal peptide hybrid of still unsolved structure, which induces DNA double strand breaks (DSBs) in eukaryotic cells. However, direct contact between live bacteria and host cell is required in order to elicit these genotoxic effects. In this study, we used a variety of cell culture models, among them, a 3D cell culture approach based on decellularised small intestinal submucosa, to investigate whether the intestinal mucus layer has the potential to interfere with colibactin activity. We demonstrate that the expression of mucins and the formation of an adherent mucus layer significantly increased with increasing complexity of cell culture. Moreover, we show that the presence of an adherent mucus layer on epithelial cells attenuates the genotoxic activity of colibactin, by preventing the induction of DNA-DSBs. Removal of the adherent mucus layer restored the occurrence of DNA-DSBs.
inflammatory bowel disease (Schultz, 2008) , and chronic constipation (Bar et al., 2009; Mollenbrink & Bruckschen, 1994) . Many properties of EcN have already been described, but still not much is known about the molecular mechanisms involved in its probiotic effectiveness.
E. coli is a commensal of the normal human gut microbiota, and an increase in phylogenetic group B2 strains was observed in industrialised countries (Shimpoh et al., 2017; Tenaillon, Skurnik, Picard, & Denamur, 2010) . These B2 strains carry a group of cytotoxic compounds collectively named cyclomodulins. One of these compounds, called colibactin, is found in up to 50% of B2 E. coli strains and is encoded by the polyketide synthase (pks)-island (Nougayrede et al., 2006; Putze et al., 2009 ). The pks-island was first characterised in the probiotic EcN (Homburg, Oswald, Hacker, & Dobrindt, 2007) .
Colibactin is a single or combination of nonribosomal peptides and polyketides-nonribosomal peptides. To date, the active compound has not been isolated, and the structure of the final product still remains unknown (Engel, Vizcaino, & Crawford, 2015; Healy, Nikolayevskiy, Patel, Crawford, & Herzon, 2016; Li et al., 2016; . However, it was shown that colibactin induces DNA double strand breaks (DSBs) in eukaryotic cell cultures but that the genotoxic effects occur only upon direct contact between live bacteria and epithelial cells (Nougayrede et al., 2006) . If the bacteria were spatially separated from eukaryotic cells by a 0.2 μm permeable membrane, or inactivated by heat or gentamicin, or bacterial culture supernatants, or lysates were used, none of the colibactin effects were found (Nougayrede et al., 2006) . The genotoxic activity leads to activation of the DNA damage checkpoint pathway, to cell cycle arrest and eventually to cell death (Nougayrede et al., 2006; Putze et al., 2009) . Nevertheless, it is largely unknown how the toxin is secreted from bacteria and transferred into eukaryotic cells. Most often, colibactin-induced DNA-DSBs can be followed by induction of the genotoxin-dependent phosphorylation of histone H2AX (Chumduri, Gurumurthy, Zietlow, & Meyer, 2016; Gagnaire, Nadel, Raoult, Neefjes, & Gorvel, 2017; Rogakou, Pilch, Orr, Ivanova, & Bonner, 1998) .
Because the effect of colibactin seems to be contact-dependent (Nougayrede et al., 2006) , we aimed to explore whether an adherent mucus layer on epithelial cells attenuates the genotoxic potential of colibactin. Therefore, we used various in vitro cell culture models containing adherent mucus layers of different thickness. The 3D cell culture approach used in this study was recently developed in the group of Prof. Dr. Cynthia Sharma (Molecular Infection Biology II, IMIB, University of Würzburg), and the protocol for its cultivation was kindly provided by Alzheimer and colleagues. The set-up and characterisation of this mucus-containing tissue model and its application in infection research will be published elsewhere (Alzheimer et al., manuscript in preparation) .
In this study, we demonstrate that the expression of mucins and the formation of an adherent mucus layer significantly increased with increasing complexity of cell culture. We show that the presence of an adherent mucus layer on epithelial cells attenuates the genotoxic activity of colibactin of EcN, by reducing the occurrence of DNADSBs. Moreover, removal of the adherent mucus layer followed by infection with EcN restored the occurrence of DNA-DSBs.
2 | RESULTS 2.1 | Semi-wet interface culture with mechanical stimulation and 3D cell culture based on a SISMucscaffold improves morphology and mucus production of E12 cells
In order to study the effect of culture conditions on mucus production in vitro, we tested different methods including semi-wet interface with mechanical stimulation (Navabi, McGuckin, & Linden, 2013) and submerged culture of cells grown on commercial Transwell® systems or a decellularised small intestinal submucosa (SISMuc). These models are based on the HT29 cell line, an intestinal adenocarcinoma cell line, and its derivative HT29-MTX-E12 (E12). Whereas HT29 cells have been shown to produce little to no mucus, the E12 subclone was picked from the methotrexate-adapted HT29-MTX cell line for its mucus production. Table 1 provides a general overview of the different culture conditions used in this study and their effect on mucus production.
Histological sections of all cell culture models were prepared and stained with PAS/Alcian blue to visualise mucus and quantify its thickness (Figures 1 and S1 ). Semi-wet interface culture with mechanical stimulation (SWMS) and 3D cell culture on a SISMuc-scaffold caused E12 cells to produce a fivefold to ninefold thicker adherent mucus layer in contrast to static cultivation. Here, the cells formed only a very thin adherent mucus layer ( Figure S1 ). No adherent mucus layer could be observed for HT29 cells under static conditions (Figure 1a ). We also tested LS174T cells, a well-described and well-established adenocarcinoma cell line for mucin synthesis (Kuan, Byrd, Basbaum, & Kim, 1987) on SISMuc (Figure 1b) . Although the cells seemed to secrete some mucus, no adherent layer could be observed. By contrast, E12 cells cultured on SISMuc produced a thick adherent mucus layer that was almost continuous over a great distance (Figure 1c ).
In addition to the qualitative histological analysis of mucus production of the different cell culture models, the secretion of the mucins MUC1, MUC2, and MUC5AC was quantitatively determined by ELISA (Figure 2a ). Cell lines cultured under static conditions (HT29 and E12) expressed by far the fewest amounts of all tested mucins, followed by SWMS conditions. The highest amounts for all three mucins were detected in the 3D cell culture model. Here, the production of MUC1 was fivefold, for MUC2 was 2.4-fold, and for MUC5AC was 3.8-fold increase compared to static culture of E12 cells.
To test the colonisation efficiency of EcN, the different cell culture models described above were infected with EcN for 4 hr at a multiplicity of infection (MOI) of 100. Subsequently, the total number of tissue-adherent bacteria was determined for each model (Figure 2b ), which ranged on average from 10 7 to 10 8 adherent bacteria per model. However, the amount of adherent bacteria was highest in the 3D cell culture model, followed by SWMS conditions.
The lowest number of adherent bacteria was detected under static conditions.
In conclusion, four differently-cultivated cell culture models were investigated, which revealed various quantities of mucus production in a cell line-and culture-dependent manner. Moreover, the different cell culture models could be successfully colonised by EcN with similar colonisation efficiency. Additionally, the induction of DNA-DSBs by colibactin was confirmed using comet assay ( Figure S2 ).
In all models tested, the γH2AX mean fluorescence intensities conditions. The cells were cultured for 15 days, where annotated pretreated with 60 mM N-acetyl-L-cysteine (NAC) for 1 hr, infected for 4 hr with a MOI of 100, and their γH2AX fluorescence was measured by flow cytometry. Three independent experiments were performed with each model in triplicate. Each symbol represents data from one model. ***: p < .001, **: p < .01, *: p < .05, ns: not significant and to secrete an adherent mucus layer (Behrens, Stenberg, Artursson, & Kissel, 2001 ) and was already successfully used to model mucosal infection in vitro (Alemka et al., 2010) . We found that the thickness of the adherent mucus layer as well as the expression of the tested mucins MUC1, MUC2, and MUC5AC increased significantly with increasing complexity of cell culture. We could confirm that semi-wet interface culture with mechanical stimulation improves mucus production in E12 cells compared to a static culture method as described previously (Navabi et al., 2013) . Moreover, we found that 3D cell culture based on a SISMuc-scaffold further enhanced mucus production. A reason for this could be the conserved native extracellular matrix of the SISMuc, as it is known that extracellular matrix proteins and structures play crucial roles in the differentiation, proliferation, polarity, and survival of cells (Hynes, 2009 ). E. coli mainly resides in the distal and large intestine where the adherent mucus layer of the lower GIT is thickest (Atuma et al., 2001) . It could be shown, that colonisation of rats with commensal pks-positive E. coli did not lead to significant DNA damage in epithelial cells (Payros et al., 2017) . Even in the jejunal epithelium, where the mucus layer is thinnest (Atuma et al., 2001 ) and thus, a direct contact is most likely, no significant DNA damage could be detected. Thus, we hypothesise that the risk of EcN-induced DNA-DSBs in healthy individuals with an intact mucus layer is possibly very low, and up to now, no reports of genotoxic side effects of this probiotic have been reported.
On the other hand, we could abrogate the attenuating effect against colibactin through a removal of the adherent mucus layer.
Moreover, we found that epithelial cells lacking an adherent mucus layer were positive for DNA damage in the presence of EcN in 80% of the cases. By contrast, in the presence of a continuous intact mucus layer and EcN, only in 7.5% of the cases underlying epithelial cells suffered from DNA damage. Therefore, patients with mucus defects (e.g., ulcerative colitis or inflammatory bowel disease), which would allow pks-positive commensal bacteria to reach the epithelium (Johansson, 2014; Schultsz, Van Den Berg, Ten Kate, Tytgat, & Dankert, 1999) , may have an increased risk. Contrary to other pks-positive E. coli strains, EcN displays anti-inflammatory activity (Guttsches et al., 2012; Kamada et al., 2008) . The anti-inflammatory effects of EcN may weaken the genotoxic activity of colibactin. In the study of Payros et al. (2017) , it could be shown that only after induction of an experimental intestinal inflammation in rats colonised with commensal pks-positive E. coli, intestinal DNA damage was detected. Therefore, intestinal inflammation could create an environment in which commensal pks-positive E. coli more readily access the epithelium and express their genotoxic potential (Payros et al., 2017) . Previously, it has been shown that in humans, the thickness of the mucus layer and its spread in the intestine decreased with increasing severity of inflammation, and associated therewith, increasing amounts of bacteria adhering to the mucosal surface were found, despite pronounced antibacterial activity (Swidsinski et al., 2007) . Thus, pks-positive pathogenic E. coli causing an inflammation of the intestine most probably have a greater genotoxic potential compared to commensal or even anti-inflammatory pks-positive E. coli.
Previously, it has also been described that mutations abolishing colibactin synthesis in EcN greatly reduce its beneficial activity in the modulation of cytokine expression and amelioration of experimental colitis in DSS treated mice (Olier et al., 2012) . Thus, colibactin itself might contribute to the probiotic activity of EcN. Maybe, the prevalence of colibactin in commensal E. coli B2 strains increases their fitness within the normal gut environment (Le Gall et al., 2007; Martin, Tronnet, Garcie, & Oswald, 2017) .
In summary, we applied different cell culture models with varying thickness of adherent mucus and could show for the first time that an adherent mucus layer attenuates the genotoxic activity of colibactin of EcN. Currently, we do not know the mechanism by which the protective effect of mucus is exerted. Potential perceivable ideas include steric hindrance resulting in blocking adherence of EcN to the epithelial cells, inactivation of colibactin by mucus, or mucus-induced inhibition of colibactin production in EcN. We can exclude that the protective effect of an adherent mucus layer is due to reduced colonisation efficiency of EcN to mucus. The total number of tissue-adherent bacteria was even highest in the high mucus producing models, which is in line with previous findings (Troge et al., 2012) . As it has previously been shown that colibactin-producing bacteria require direct physical contact with eukaryotic cells to induce DNA damage (Nougayrede et al.,
2006), we favour the hypothesis that the attenuating effect of an adherent mucus layer was due to prevention of a direct contact between EcN and epithelial cells. (former mucosa) of the matrix and 1.5-ml medium into the basolateral compartment. The detailed experimental protocol to process a porcine jejunal segment has previously been described elsewhere (Mertsching, Walles, Hofmann, Schanz, & Knapp, 2005) . 3D cell culture models were also placed on an orbital shaker with an agitation of 65 rpm (Alzheimer et al., manuscript in preparation) , and culture conditions were maintained for 15 days with medium exchange every 1-2 days.
The mucolytic agent NAC (Sigma Aldrich) was used to chemically remove adherent mucus from epithelial cells (60 mM NAC in serumfree medium for 1 hr with agitation). 
| Surface labelling of EcN with FITC
A 1 × 10 9 log phase bacteria were centrifuged, washed with PBS, and resuspended in 1 ml of freshly prepared labelling buffer containing 50 mM sodium carbonate, 100 mM sodium chloride (pH 8.0), and 0.5 mg/ml Fluorescein-5-Isothiocyanate (FITC, Isomer I, Thermo Scientific). After incubation at room temperature for 30 min in the dark, bacteria were washed 3 times with PBS, resuspended in antibiotic-free cell culture medium and checked for fluorescence under a fluorescence microscope.
| Histology
Methanolic Carnoy's (60% dried methanol, 30% chloroform, and 10% acetic acid) fixed, paraffin-embedded sections were dewaxed and rehydrated. After rinsing in 3% acetic acid, the cells were stained using 1% Alcian blue and oxidised in 1% periodic acid. Subsequently, cells
were immersed in Schiff's reagent and rinsed in 0.5% potassium metabisulphite. Finally, nuclei were stained using haematoxylin. All reagents were purchased from Roth, Germany. Images were acquired using a Nikon Eclipse 50i light microscope. The thickness of the adher- 
| Bacterial adhesion assay
Epithelial cells were infected with EcN at a MOI of 100. After 4 hr of co-cultivation, the cell culture models were thoroughly washed 3 times with PBS to remove non-adherent bacteria. Subsequently, the complete growth area of the Transwell® membrane or SISMuc-scaffold was cut out with a scalpel, transferred into 2-ml tubes containing 1 ml of freshly prepared 1% saponin in PBS and incubated for 10 min at 37°C and 1,500 rpm. Serial dilutions were prepared and plated onto LB agar plates. Colony forming unit were counted, and the total number of tissue-adherent bacteria was calculated.
| STATISTICAL ANALYSIS
Results are presented as the means ± standard deviations (error bars)
of at least three replicate experiments. Graphs were drawn using Graph Pad Prism, and the unpaired Student t test was used to calculate statistical significance. A p value of <.05 was considered significant.
